One sentence summary: In this four month microcosm study, dynamics of prokaryotic communities and changes in resistance genes and mobile genetic elements in soil following amendment with municipal sewage sludge were investigated Editor: Edward Topp † These authors contributed equally.
INTRODUCTION
Municipal sewage sludge (MSS) is the solid byproduct left after wastewater treatment. Besides several possible valorizations, field application is a common way for disposal of MSS. Field fertilization with MSS was shown to improve soil properties such as increased organic matter content, pH, porosity and water holding capacity (Tsadilas et al. 1995; Singh and Agrawal 2008) . Furthermore, MSS amendment also contributes to the recycling of valuable nutrients, especially phosphorus and nitrogen, which are crucial elements supporting plant growth. Improving the nutrient status of soil has favorable effects for agricultural production as it increases crop yields (Singh and Agrawal 2008) . However, spread of MSS onto agricultural soils also has numerous drawbacks, and thus is strictly regulated or even forbidden in many countries. Many pollutants, such as heavy metals, toxins, pharmaceutical (e.g. antibiotics) and industrial chemicals might be introduced via sludge application, affecting soil and plant quality (Singh and Agrawal 2008; Tangahu et al. 2011; Mathews and Reinhold 2013; Yang et al. 2014) . Antibiotic residues present in wastewater might originate from various sources such as industry, agriculture, households and healthcare facilities. Depending on their physico-chemical properties, antibiotic residues are often not completely degraded during wastewater treatment, and end up in effluent water and sludge (Verlicchi and Zambello 2015; Kimosop et al. 2016; Williams-Nguyen et al. 2016) . In the particular case of antibiotics used in human medicine, wastewater treatment plants (WWTPs) represent the main route of their introduction into the environment (Clarke and Smith 2011) .
WWTPs are considered to be hotspots for the spread of resistance genes (RGs) as they contain a high density and diversity of microorganisms in close contact with high nutrient levels facilitating metabolic activity, which creates perfect conditions for horizontal gene transfer (HGT) . Residual antimicrobials and trace concentrations of heavy metal have been shown to select for resistance development and acquisition (LaPara et al. 2011; Rizzo et al. 2013; Gullberg et al. 2014 Kim et al. 2014 Su et al. 2015; Song et al. 2017) . Bacteria can become resistant through various HGT events and mobile genetic elements (MGEs) such as plasmids, transposons, integrons (not mobile per se but involved in the spread and exchange of gene cassettes encoding for RGs) and insertion sequences contribute to the mobility and dissemination of RGs (Heuer and Smalla 2012) . MSS is enriched with many antimicrobial and heavy metal compounds promoting resistance development, but also with bacterial populations carrying antimicrobial RGs and MGEs that might be involved in their vertical and horizontal dissemination (Smith 2009; Su et al. 2015; Bondarczuk, Markowicz and PiotrowskaSeget 2016; Jacquiod et al. 2017) . Therefore, applying MSS as a fertilizer introduces selective compounds and resistant bacteria carrying MGEs/RGs into soils. As a consequence, it is expected that repeated amendment of MSS as fertilizer on agricultural soils might contribute to the environmental dissemination of bacteria carrying transferable RGs. If soils fertilized with MSS are used for production of fruits and vegetables or fodder, then RGcarrying bacteria from MSS can be present on the plants; representing a risk when ingested raw. The spread of RGs and the concomitant development of multi-drug resistance in harmful pathogens is recognized as an increasing threat (Arias and Murray 2009; Roca et al. 2015; von Wintersdorff et al. 2016) . A potential link between environmental and human associated bacterial resistomes has already been indicated based on sequence comparisons (Forsberg et al. 2012) .
However, it remains unclear whether MSS amendments result in a persistence of transferable antimicrobial RGs in soils. Studies investigating the complex consequences of MSS amendment on soil RGs reported contrasting findings, especially about varying timeframes of effects (Burch, Sadowsky and LaPara 2014; Rahube et al. 2014; Riber et al. 2014; Chen et al. 2016; Xie et al. 2016) . This lack of consistency in published results is mainly due to differences in experimental settings and varying pedo-climatic backgrounds, making comparisons, standardization and assessment difficult. Therefore, these aspects need to be clarified by further research, as recently reported in reviews from Bondarczuk et al. (2016) and Williams-Nguyen et al. (2016) .
In this study, a cultivation-independent, total community (TC-) DNA-based approach was used to investigate the dynamic changes of the soil prokaryotic community composition by means of Illumina sequencing of 16S rRNA gene amplicons. In addition, the TaqMan-based quantitative real-time PCR (qPCR) and high-throughput (HT-) qPCR were used to evaluate the prevalence of selected subsets of the mobilome and resistome (respectively defined as the complete collection of MGEs and RGs in an environmental sample) in soils taken for four month after MSS amendment. We hypothesized that the coalescence process resulting from the mixing of two distinct microbial communities into a new one (as defined by Rillig et al. 2015) , here MSS and soil, will result in important changes in terms of compositional outcome, facilitating the increase and maintenance of RGs and MGEs. To allow for standardization of the experimental conditions, soil microcosms were chosen to perform this study to improve reproducibility and enable better control of crucial parameters that may cause variation. Furthermore, we analyzed whether plasmids from MSS bacteria were transferable to Pseudomonas putida KT2442 by exogenous isolation. The polyphasic approach applied in this study (workflow summarized in Table  1 ) allowed us to determine whether the changes occurring due to the microbial community coalescence and associated consequences for RGs and MGEs pools are short-or medium-term, providing crucial fundamental knowledge for decision and policy making regarding food safety.
MATERIALS AND METHODS

Microcosm experiment and total community DNA extraction
The microcosm experiment was established to analyze the short-and medium-term effects of MSS amendment on soil microbial communities, on selected subsets of the resistome and mobilome. A sandy soil from Großbeeren (52
• 33' N, 13
• 22' E, Germany) was used. It was characterized as Arenic-Luvisol (Rühlmann and Ruppel 2005) , with silty sand and 5.5% clay (diluvial sand, DS) which was sieved (2 mm) and adjusted to 50% of its maximal water holding capacity corresponding to a final water content of 112 mL kg −1 of soil . The DS soil was mixed with stabilized, digested and dried (dry content 25.9%) MSS (taken in February 2014 from a WWTP) to a final concentration of 25.71 g MSS kg −1 dry soil (representative for typical field applications). The soil was filled into polystyrene flowerpots (11 cm diameter, 9 cm height) with 600 g soil per pot and 
Quantification of RGs and MGEs by qPCR and by high-throughput qPCR
Quantification of 16S rRNA genes (rrn), integrons, plasmids and RGs by qPCR in TC-DNA extracted from soil samples was carried out 0, 14 and 119 dpi. In addition, MGEs and RGs were quantified in TC-DNA of MSS samples taken at for different time points (February and August 2014, January and May 2015) from the WWTP. PCR-amplicons obtained from reference strains were cloned into the pGEM-T vector (Promega, Mannheim, Germany) and used in serial dilutions to establish the calibration standard. The list of primers, probes and reference strains used for the TaqMan-based qPCR assays in this experiment is provided in Supplementary Data File S1. To quantify a wider range of RGs, integrons and transposons in DNA from soil samples taken 0 and 49 dpi HT-qPCR (using 292 primer sets) were performed using the SmartChip Real-time PCR (WaferGen Inc. USA) as described previously (primers and PCR conditions were as described by Zhu et al. 2013; Ouyang et al. 2015; Su et al. 2015) .
The opportunity to analyze DNA by HT-qPCR became available only at a later stage of our study. As HT-qPCR requires larger amounts of DNA this method could only be used for samples taken at 0 and 49 dpi for which sufficient DNA was available. The DNA concentration was 2 ng μL −1 . Primer sets were described previously (Su et al. 2015) . For each primer set, amplification efficiencies beyond the range from 90%-110% and data with multiple melting peaks or amplification efficiency beyond the range 1. Prokaryotic community compositions in soil samples (MSS soil and controls, at 0, 14 and 119 dpi) and in applied MSS material were assessed by high-throughput amplicon sequencing. Sequencing procedure and data analysis were done according to best practices guideline (Schöler et al. 2017) . A fragment of the 16S rRNA gene was amplified from TC-DNA of each replicate by an initial PCR step using primers 341F (5'-CCTAYGGGRBGCASCAG-3') and 806R (5'-GGACTACNNGGGTATCTAAT-3'), which flank the 460 bp variable V3-V4 region of the 16S rRNA gene of the target group Prokaryotes including domains of Archaea and Bacteria (Nunes et al. 2016) . A second amplification step of corresponding amplicons using the same primers with attachment of adaptors and barcode tags was done as previously described (Nunes et al. 2016) . Purification and size-selection (removal of products less than 100 bp) of PCR amplicon products was performed using Agencourt AMPure XP beads (Beckman Coulter, Brea, CA, USA) according to the manufacturer's instructions. The concentration of the purified amplicon samples was measured using a Qubit Fluorometer (Life Technologies, Carlsbad, CA, USA), the samples were pooled and adjusted to equimolar concentrations, concentrated using the DNA Clean and Concentrator TM -5 kit (Zymo Research, Irvine, CA, USA) and finally subjected to 2 × 250 bp paired-end high-throughput sequencing on an Illumina R MiSeq R platform (Illumina, San Diego, CA, USA). Sequence trimming, clustering and annotation were performed using previously described methodology (Nunes et al. 2016) . Sequence demultiplexing was done using the MiSeq Controller Software, and diversity spacers were trimmed using biopieces (www.biopieces.org). Sequence mate-pairing and filtering was done using usearch v7.0.1090 (Edgar 2010) . OTU clustering, dereplication and singleton removal was performed using uparse (Edgar 2013) . Chimera checking and removal was performed using usearch and the ChimeraSlayer package (Haas et al. 2011) . Representative sequences were defined for each OTU with a threshold of 0.8 using Mothur v.1.25.0 (Schloss et al. 2009) . A unifrac phylogenetic tree was built using Greengenes (DeSantis et al. 2006) with QIIME wrappers for PyNAST (Caporaso et al. 2010b) , FastTree (Price, Dehal, Arkin 2010) and alignment filtering (Caporaso et al. 2010a) . Sequence contingency tables were exported at the species level for bacteria (97% similarity threshold). Raw fastq sequencing files are available at the SRA public repository (SUB3747628).
The statistical analysis on contingency table was performed as previously described 2017; . The software Rgui (R Development Core Team 2013) was used to determine α-and β-diversity. In order to explore correlations between RGs/MGEs and the prokaryotic community structures, a redundancy analysis (RDA) was performed. The qPCR data were used as explanatory variables to discriminate the 16S rRNA gene amplicon profiles. The analysis was done applying the Rgui package vegan as described previously . The models robustness was tested with 10 000 permutations and r 2 values indicate the total percentage of variations explained.
Taxa responding significantly across experimental design were extracted by analysis of deviance after generalized linear modeling of the raw counts using negative binomial regression (nb) with 1000 resampling iterations with residual variance, using the package mvabund (P < 0.05, Wang et al. 2012) . More details of the protocols used and the analysis are given in Supplementary Data File S2.
RESULTS
Abundance of class 1 integrons, plasmids and RGs in soil and MSS as revealed by qPCR with TaqMan-probes
Quantification of 16S rRNA gene copy numbers by qPCR revealed an increase of one order of magnitude in MSS soil (log 9.5 ± 0.1 g −1 ) compared to control soil (log 8.7 ± 0.1 g −1 ) immediately after inoculation. These differences in 16S rRNA gene copy numbers were detectable in samples taken 14 dpi (log 9.5 ± 0.1 g −1 MSS soil and log 8.8 ± 0.2 g −1 control soil) and 119 dpi (log 9.2 ± 0.2 g −1 MSS soil and 8.7 ± 0.1 g −1 control soil). In view of these differences in 16S rRNA gene copy numbers, both the abundance of target genes relative to 16S rRNA gene copy numbers ( showed overall the same trends as relative abundances ( Fig. 1 ).
As shown in Fig. 1 , quantification of target genes in TC-DNA revealed increased relative abundances 0 dpi in MSS soil compared to control soil for all genes except traN (LowGC plasmids) and tet(M). The relative abundances of class 1 integrons (intI1), IncP-1 plasmids (korB) and genes conferring resistance to quaternary ammonium compounds (qacE/qacE 1), Sm (aadA, strA) and Tet (tet(A), tet(W)) were increased up to three orders of magnitude in MSS soil compared to controls 0 dpi. The Tet RG tet(A) was below the detection limit in controls and only quantifiable in MSS soil 0 dpi and 14 dpi. Relative abundances of genes quantified in MSS soil decreased slightly from 0 dpi to 14 dpi for intI1 and tet(W) or remained comparable to levels on day 0 for korB, traN, qacE/qacE 1, aadA, strA, tet(M) or even increased slightly compared to day 0 for tet (A) . Comparing the relative abundance of genes in MSS soils from samples taken 14 dpi and 119 dpi revealed a decrease of all genes except traN that remained at comparable levels throughout the duration of the experiment. However, significantly higher relative abundances were still found 119 dpi for class 1 integrons (intI1), Sm genes (aadA, strA) and Tet RG tet(W) in MSS soil compared to control as shown in Fig. 1 .
HT-qPCR of RGs, integrons and transposons in soil
In addition to qPCR for the genes described, HT-qPCR assays were conducted using TC-DNA from both control and MSS soil samples taken 0 dpi and 49 dpi to assess changes in relative abundance of RGs, integrons and transposons. The results of the HT-qPCR assays are shown in Fig. 2 . Of the genes analyzed with 292 primer sets in the assay, 35 genes were detected in MSS soil on day 0, compared to 7 in control soils, reflecting an immediate effect of MSS application to the soil. Some of the genes (0 dpi: mexE, mtrC, vanSB, vanXD; 49 dpi: cphA) detected in control soil were not detectable in the MSS soil. In MSS soil taken 49 dpi, 19 genes were still present in comparison to control soils with five genes detected.
While no aminoglycoside RGs were detected in control samples 0 dpi and 49 dpi, the genes aacC and aadE and aadA (detected by several primer sets) were detected 0 dpi at high relative abundances between −4 and −2 log units in MSS soil. In addition, aadA was detected by one other primer set in MSS soil 49 dpi. The macrolide lincosamide-streptogramin B (MLSB) ermT, ermY, matA meI, and vatB RGs were only detected in MSS soil 0 dpi, while ermB, ermF and InuB were quantifiable in MSS soil samples at both sampling times. None of these genes were detected in control samples.
Tet RGs tet(L), tet(M), tet(O), tetA(P)
and tet(X) were found in MSS soil 0 dpi, while tet(O), tetA(P) and tet(X) were detected at both sampling times, and tetB(P) was observed only in soil amended with MSS 49 dpi. None of these Tet RGs were detected in control samples. The genes oprJ (fluor/chloramphenicol) and fox5 (beta lactamase) were found in control samples (0 and 49 dpi) and in MSS soil (only 49 dpi) at similar levels. For blaSFO, which was below the detection limit in both soils 0 dpi, quantification revealed similar levels in MSS soil and controls 49 dpi. Integrons were quantified in MSS soil 0 dpi and 49 dpi at similar relative abundance for intI1, while the gene cIntI-1 (integrase gene specific for clinical integrons) was observed in MSS soil samples 0 dpi but not 49 dpi, and in controls 49 dpi but not 0 dpi. qacE/qacE 1 was detected only in MSS soil 0 dpi. Transposases (IS6 group) were detected by three primer sets targeting the gene tnpA in MSS soil 0 dpi and also detected by one primer set in MSS soil 49 dpi. No transposase gene was detected in control soil. The gene oprD (other/efflux) was quantified in MSS and control soil samples at comparable relative abundance 0 dpi, and the streptothricin RG sat4 was detected only in MSS soil 0 dpi.
Relative abundances of RGs and MGEs in MSS taken at different time points from the same WWTP
Comparative analysis of samples taken from the same municipal WWTP at four different sampling times was carried out using qPCRs with Taqman probes to determine the abundance of RGs and MGEs in order to gain insights into the variation between MSS samples. Abundances obtained by qPCR were in the same order of magnitude for each target gene quantified in all MSS samples except for intI1 (Supplementary Data File S4) indicating the representativeness of the MSS sample used for the soil microcosm experiment.
Target genes intI1 (class 1 integron integrase gene), korB (IncP-1 plasmids), qacE/qacE 1, aadA and strA had higher relative abundances in MSS samples than Tet RGs tet(A), tet(M) and tet(W). Samples from 2014 showed higher relative abundances of intI1 and qacE/qacE 1 gene copy numbers compared to MSS samples from 2015. Regarding copy numbers per g −1 of MSS, higher absolute abundances were observed for all analyzed target genes in samples from 2014 as compared to samples taken 
Characterization of transferable antibiotic resistance plasmids captured from MSS
Effects of MSS amendment on soil prokaryotic community composition
Illumina MiSeq sequencing of 16S rRNA gene fragments highlighted dynamic changes in the prokaryotic community of soil after amendment with MSS (Supplementary Data File S2 ). Samples from MSS and control soils showed a plateau trend in the rarefaction analysis confirming that the amplicon sequencing depth was sufficient to cover the core diversity present in the communities of each treatment (Supplementary Data File S2: Fig. 1) . One of the differences observed was the significantly lower OTU richness of the communities detected in the MSS soil 0 dpi (314 ± 36 OTUs), 14 dpi (433 ± 29) and 119 dpi (442 ± 25 OTUs) compared to control soil samples 0 dpi (500 ± 15 OTUs), 14 dpi (505 ± 10 OTUs), and 119 dpi (487 ± 5 OTUs) (Supplementary Data File S2: Fig. 2 ). The Shannon index was highest for control soil samples 0 dpi (4.6 ± 0.1), 14 dpi (4.7 ± 0.1), 119 dpi (4.6 ± 0.0) and for MSS soil 119 dpi (4.6 ± 0.1). For MSS soil, the Shannon index was 3 ± 0.1 on day 0 and 3.7 ± 0.3 on day 14 post inoculation. The RDA showed that there was very little variation between the control soil prokaryotic communities over time, with a correlation of higher relative abundance of traN (Fig.  3) . In contrast, the prokaryotic communities in MSS-amended The model was built using Bray-Curtis dissimilarity index in the R package vegan using an adjusted r 2 tested with 10 000 permutations.
soils displayed a high temporal variability; the soil community present 0 dpi looked very similar to the MSS community, while a completely different community was present in soils at 14 dpi. There was no indication of communities in MSS amended soils returning to those similar to populations in control soils at 119 dpi (Fig. 3 ). Higher levels of RGs and MGEs were correlated with original MSS and 0 dpi MSS-treated soil, as opposed to the control soils. To some extent, MSS soil at 14 dpi was still correlated with most MGEs and RGs, while MSS soil at 119 dpi became negatively correlated with tet(M). Overall, this constrained analysis showed consistent temporal co-variations of the prokaryotic community structure and that of the relative RGs and MGEs estimates (r 2 = 0.68 * * * ).
Analysis of 16S rRNA fragments at the phylum level demonstrated that the soil amendment with MSS significantly changed the prokaryotic community composition of soil ( Table 2 ). The differences between MSS and control soil decreased with time but the communities still differed in samples taken 119 dpi. Actinobacteria were less abundant in MSS soils compared to control soil. Bacteroidetes increased in relative abundance in MSS soil from 2.4% on day 0 to 7.1% and 14.9% on days 0, 14 and 119 dpi, respectively. This is compared to 6.6% to 10,4% and 8.4% in control soil samples taken on days 0, 14 and 119 dpi, respectively. Euryarchaeota were detected only in MSS soils. The most drastic difference was observed for the phylum Firmicutes with relative abundance of 58.6% in MSS soil 0 dpi (compared to 16.9% in control soil 0 dpi), while at 119 dpi levels were around 18%, which was comparable to levels in control soil. Gemmatimonadetes were below 1% in relative abundance in MSS soil 0 and 14 dpi, but increased to 2.5% in MSS soil samples taken 119 dpi. However, these levels were still less abundant than in control soil (7.2%, 119 dpi). The relative abundances of Planctomycetes in MSS and control soil were comparable 0 dpi, i.e. around 3%, and decreased with time in MSS soil to 1.7%, which was still below the relative abundance in control soil (3.6%) 119 dpi. The relative abundance of Proteobacteria in MSS soil (15.5%) 0 dpi was lower than in control soil (32.6%), but abundance increased to 36.4% after 119 dpi, which was similar to control soil levels (33.7%, 119 dpi). Synergistetes and Thermotogae were present only in MSS soil, decreasing with time to 0.2% or not detected 119 dpi, respectively.
Statistical analysis revealed taxa in soil significantly changed in relative abundance in response to MSS amendment. Genera with relative abundances > 0.05 for at least one sampling time are listed in Supplementary Data File S2: Table 3 . The 10 most abundant from these significantly changed genera in MSS soil 0 dpi, and their abundances 14 and 119 dpi as well as in control samples at all three sampling times are listed in Table 3 . These genera are, in order of decreasing abundance (0 dpi): Coprothermobacter, unclassified Clostridiales sequences, Bellilinea, Methanosaeta, Methanothermobacter, Advenella, Anaerobaculum, Petrotoga, Thermovirga and Sedimentibacter. In samples taken 0 dpi, bacteria belonging to the genus Coprothermobacter made up for 37.9% ± 2.4% of sequences in MSS soil. The relative 2.4 ± 0.2 6.6 ± 0.8 7.1 ± 1.2 10.4 ± 0.5 14.9 ± 1.6 8.4 ± 0.4 Chloroflexi 5.9 ± 0.8 3.0 ± 0.1 4.9 ± 0.1 3.1 ± 0.3 3.8 ± 0.7 3.6 ± 0.2 Euryarchaeota 4.8 ± 0.6 0.0 ± 0.0 3.5 ± 0.5 0.1 ± 0.1 4.8 ± 0.7 0.0 ± 0.0 Firmicutes 58.6 ± 6.0 16.9 ± 1.3 43.3 ± 9.0 15.3 ± 1.4 18.7 ± 1.6 17.9 ± 1.8 Gemmatimonadetes 0.6 ± 0.2 6.6 ± 0.4 0.7 ± 0.3 6.4 ± 0.1 2.5 ± 0.3 7.2 ± 0.2 Nitrospirae 0.2 ± 0.1 2.3 ± 0.3 0.4 ± 0.2 2.5 ± 0.2 2.0 ± 0.3 4.0 ± 0.6 Planctomycetes 3.2 ± 0.6 2.6 ± 0.2 2.7 ± 0.1 3.1 ± 0.2 1.7 ± 0.3 3.6 ± 0.4 Proteobacteria 15.5 ± 3.9 32.6 ± 1.7 28.3 ± 6.3 35.1 ± 0.9 36.4 ± 0.1 33.7 ± 0.9 Synergistetes 3.3 ± 0.5 0.0 ± 0.0 2.0 ± 0.2 0.0 ± 0.0 0.2 ± 0.2 0.0 ± 0.0 Thermotogae 1.9 ± 0.2 0.0 ± 0.0 1.0 ± 0.4 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 Other 0.6 ± 0.1 1.7 ± 0.1 1.1 ± 0.2 2.1 ± 0.2 1.9 ± 0.3 2.2 ± 0.1 abundance decreased to 23.6% ± 3.0% after 14 days and below 0.5% after 119 days, similar to abundance in control soils. Bacteria belonging to the genera Bellilinea (4.2% ± 0. 5%; 0 dpi), Anaerobaculum (1.6% ± 0.3%; 0 dpi), Petrotoga (1.4% ± 0.1%; 0 dpi) and Sedimentibacter (1.1% ± 0.2%; 0 dpi) also decreased from 0 dpi to 14 dpi and finally reached levels comparable to control samples after 119 days. These genera are among the 12 most abundant in MSS used for soil amendment (Coprothermobacter: 22.0% ± 5.5%; Bellilinea: 2.2% ± 0.3%; Petrotoga: 1.9% ± 0.3%; Sedimentibacter: 1.2% ± 0.3%; Anaerobaculum: 1.2% ± 0.2%) (Supplementary Data File S2: Table 4 ) and illustrate an immediate effect of the soil amendment with MSS, which was not detectable by 119 dpi. In contrast, the genera assigned as unclassified Clostridiales (11.6% ± 8.0%; 0 dpi), Methanosaeta (2.3% ± 0.2%; 0 dpi), Methanothermobacter (2.1% ± 0.4%; 0 dpi), Advenella (1.7% ± 0.5%; 0 dpi) and Thermovirga (1.2% ± 0.2%; 0 dpi) showed elevated relative abundances in MSS soil compared to the control for the duration of the study (119 dpi; Table 3 ), indicating prolonged survival in soil following MSS amendment. The sequences assigned to the genus unclassified Clostridiales were higher (28.9% ± 6.5%) in MSS, while Methanosaeta (0.5% ± 0.2%), Methanothermobacter (0.6% ± 0.2%), Advenella (0.4% ± 0.1%) and Thermovirga (0.5% ± 0.1%) were found in lower relative abundances in MSS compared to control soil (Supplementary Data File S2: Table 4 ). For control samples, the 10 genera with the highest relative abundances that were significantly higher compared to the sewage MSS soils 0 dpi were Arthrobacter, Gaiella, Gemmatimonas, unclassified Lachnospiraceae sequences, Bacillus, unclassified Clostridiales sequences, Steroidobacter, Microvirga, Streptomyces and Nocardioides in decreasing order (Table 4) . Overall, the relative abundances of these genera did not change much over the duration of the experiment.
DISCUSSION
In this study, we investigated the effect of MSS on a sandy soil previously not exposed to organic fertilizers. Changes of the prokaryotic community composition, resistome and mobilome of the soil in response to the MSS amendment were followed in a controlled microcosm experiment over 119 days by means of a polyphasic cultivation-independent approach. As expected, a range of antimicrobial RGs and MGEs was detected in MSS samples and transferability of resistance plasmids into P. putida KT2442 gfp was demonstrated for MSS taken in May 2015.
Despite the fact that samples were taken at the same municipal WWTP at different time points, relative abundances of the target genes analyzed were found at comparable levels (except for intI1), indicating stable steady concentrations of mobilome and resistome related sequences in the MSS analyzed.
Although only a subset of known RGs and MGEs was analyzed in this study, some clear conclusions can be drawn from the soil microcosm experiments performed. Likely, bacteria carrying RGs or MGEs represent only a small fraction of the microbial soil community and thus the sensitivity of the detection methods is an issue. Thus genes intI1, qacE/qacE 1, aadA, strA and tet(M) detected by TaqMan-based qPCR in control soil 0 dpi-although around detection limit-were not detected by HTqPCR. The genes korB (IncP-1 plasmids) and traN (LowGC plasmids), which were quantified with the TaqMan qPCR, were not covered in the HT-qPCR array. Although the soil resistome contains an exhausting variability of RGs (D´Costa et al. 2006) , our data confirm that these genes are typically very low in abundance and often even below the detection limit in so-called pristine (Yang et al. 2010) or untreated soils (Chessa et al. 2016; Blau et al. 2018) .
Both quantification methods applied in this study, qPCR with TaqMan probes and HT-qPCR, revealed increased abundances of several RGs and MGEs in MSS amended soil. The TaqManbased qPCR showed an increase of the copy numbers of some genes of up to three orders of magnitude. Most importantly, a significantly higher relative abundance in MSS soil compared to the control soil was still detected in samples taken 119 dpi for intI1, aadA, strA and tet (W) . A comparison of the two qPCR methods showed that relative abundances determined for intI1 and qacE/qacE 1 in samples of MSS soil taken 0 dpi were comparable. The genes intI1 and qac genes often co-occur (Stalder et al. 2012) , therefore it was unexpected that intI1 was detected in MSS soil samples 49 dpi by HT-qPCR but not qacE/qacE 1. However, both qacE/qacE 1 and intI1 were detectable 119 dpi by TaqManbased qPCR. It can be speculated that the primers used might have different specificities or amplification efficiencies, accounting for some of the variability in detection. For example, aminoglycoside RG aadA was not detected in MSS soil 0 dpi by the HTqPCR array but was found in samples taken 49 dpi. This result is in contrast to TaqMan-based qPCR results in which aadA genes were detected in high abundance (relative abundance of −2 log units) in samples taken 0 dpi. The tet(M) gene was quantifiable in HT-qPCR arrays in TC-DNA from MSS soil samples 0 dpi, while relative abundance was close to the quantification limit in TaqMan-based qPCRs. Moreover, tet(A) could be detected in MSS samples 0 dpi by TaqMan-based qPCR, but not with the HTqPCR assay. Although direct comparison of both qPCR assays is possible only for samples taken 0 dpi, the results clearly demonstrate the variability of both methods. Overall, the HT-qPCR array has the advantage of screening the relative abundance of an extensive set of genes (including 211 different RGs, two integrase genes and three MGEs) despite its apparent lower sensitivity compared to the TaqMan-based qPCR (targeting a total of six RGs, two MGEs and one integrase gene). The sensitivity of the HT-qPCR array can be increased by using higher amounts of TC-DNA. Further, the application of TaqMan-probes results in a higher specificity and is thus less prone to detect unspecifically amplified products compared to HT-qPCR or other SYBR Greenbased qPCR assays.
The general observation of higher abundance of RGs and MGEs in MSS soils is in agreement with the available literature (Burch et al. 2014; Chen et al. 2016; Rahube et al. 2016; Xie et al. 2016; Lau et al. 2017) . Furthermore, in the present study, the effects of MSS amendment on the soil resistome were observed throughout the experiment for several of the RGs although relative abundance declined over time for of all genes targeted, correlating with changes in the prokaryotic community structure. Transient effects of organic fertilizer application on microbial communities, RGs and MGEs in soil were also reported for manure and digestates (Sandberg and LaPara 2016; Wolters et al. 2018) . Similar findings for field soils receiving MSS treated by different methods were reported by Lau et al. (2017) over a course of a 139 day study analyzing the fate of RGs and class 1 integrase genes. Also in their study, the genes intI1 and strA remained higher in abundance in MSS amended soil after 139 days compared to controls, while other target genes declined over time to reach levels found in the control. Rahube et al. (2016) monitored abundances of RGs and MGEs in MSS amended field soil over 530 days. Similar to our study, transient effects were found for most of the genes analyzed. Some targets (strA, mphA and individual IncP-1 sequences) had the highest relative abundance at the last sampling time in MSS amended soil despite several sampling periods in which levels were below the detection limit. As plants were grown on some plots in their study design, these might have enhanced the abundance of IncP-1 plasmids. Indeed, these authors observed higher abundance of strA and IncP-1 plasmid targets in MSS applied soils than in controls at day 123. Furthermore, the studies of Rahube et al. (2016) and Lau et al. (2017) were performed on silty-loamy soils, as opposed to our sandy soil, which suggests that similar biological effects may prevail regardless of pedo-climatic context. Thus, monitoring of target genes (intI1, strA, korB) might be suitable for investigating long-term effects of MSS amendment to soil. Among these, intI1 has already been proposed as a proxy for anthropogenic environmental pollution (Gillings et al. 2015) due in part to its wide distribution among bacteria, its association with a diversity of RGs and the concomitant potential for co-selection. In short, although discrepancies are always expected between field-based and controlled microcosm experiments (as resilience and recovery are assumed to be higher in field studies due to potential exchange/transfer with the surrounding environment), we showed that similar trends may be observed for some reported effects, suggesting that there are consistent biological trends/successions happening when soil is being fertilized with organic material, regardless of the experimental design and pedo-climatic context.
The different fates of monitored RGs likely reflect the dynamics of the relative abundances of their hosts in soil since persistence is generally greater for cellular DNA than for free DNA in the environment. This concurs with the RDA plot result, as there was a clear correlation between the structure of the prokaryotic communities and the occurrence of quantified MGEs and RGs. The differences in host range of MLSB RGs (Roberts 2004 ) could explain why ermT, ermY, matA meI and vatB were detected only by means of HT-qPCR in MSS soil samples from 0 dpi while ermB, ermF and InuB were quantifiable in MSS samples at both 0 dpi and 49 dpi. The determined host ranges of the genes ermB and ermF are much wider than those of the other genes and both are associated with conjugative elements e.g. transposons (Roberts 2004) . Different Tet RGs also showed dissimilar fates indicating their affiliation with different genetic elements or different host ranges (Chopra and Roberts 2001) . As sequences assigned to Clostridia were higher in relative abundance in MSS soil compared to control soil during the experiment, the concomitant higher abundance of tet(W) detected by the TaqMan-probe qPCR in MSS soil relative to the control soil for all time points might be due to surviving spores of Clostridia (as speculated by Wolters et al. 2018) , to which tet(W) is typically affiliated. The tet(W) gene has also been reported to be associated with conjugative transposons (Billington, Songer and Jost 2002; Stanton and Humphrey 2003; Melville et al. 2004) . Furthermore, the fate of populations carrying RGs from MSS may be dependent on the soil type as indicated in the microcosm study by Burch et al. (2014) which targeted the tet(A) and tet(X) genes. The tet(A) gene copy numbers were below the detection limit after 119 days while tet(W) genes were still quantifiable.
In MSS soil samples, transposases of the IS6 group (which moves by replicative transposition) were detected, as well as IncP-1 plasmids (korB). When RGs are carried on MGEs, spread of the genes may be facilitated under appropriate selective pressure and the development of multiple resistances may be favored (Carattoli 2003) . Therefore, the transferability of plasmids from MSS to the Gammaproteobacterium Pseudomonas putida was investigated. We demonstrated that MSS taken from the same municipal WWTP in May 2015 contained plasmids transferable to P. putida. A set of transconjugants was further characterized and showed that the transferred plasmids carried a variety of RGs conferring multiple resistances to their host. Most analyzed plasmids were identified as members of the IncP-1 plasmid group of which several members have been isolated from WWTPs (reviewed in Schlüter et al. 2007) , and most of these could be further assigned to the IncP-1ε plasmid group, displaying a broad host range and high transfer efficiency (Shintani et al. 2014; Klümper et al. 2015; Jacquiod et al. 2017) . Recently, a member of this group, pKJK5, was used in experiments to assess the conjugative plasmid permissiveness of wastewater microbiomes. The study showed effective transfer among both untreated and treated wastewater bacterial populations. Although transfer events mainly involved phylogenetically close members from Gammaproteobacteria, known as preferential hosts, transfer was also observed to other groups of Proteobacteria, Firmicutes, Bacteroidetes and Actinobacteria . This strongly indicates that MSS contains MGEs carrying RGs that could potentially spread via HGT to Gammaproteobacteria-related human pathogens (Heuer et al. 2002; Schlüter et al. 2007; Boucher et al. 2009; Jacquiod et al. 2017) . Further, MSS amendment was shown to enhance the transferability of antibiotic resistances in soils (Riber et al. 2014) . The significantly higher abundance of tet(A) in MSS soil compared to control soil 0 and 14 dpi was confirmed by the exogenous isolation of IncP-1ε plasmids carrying tet(A) and class 1 integrase genes with qacE/qacE 1 from MSS. The aadA gene was found to be significantly enriched in MSS soil compared to control soils up to 119 dpi. Furthermore, class 1 integrons (intI1) were quantified in MSS soil by both TaqMan-based qPCR and highthroughput qPCR arrays. RGs associated with class 1 integrons can be co-selected as integrons often carry several RGs (Jechalke et al. 2014; Wolters et al. 2015) . Only a few RGs were quantifiable in control samples including, for example, the quinolone RG oprJ or β-lactamase RG fox5, which indicates that these genes are part of the background level of RGs naturally occurring in soils (Jacquiod et al. 2014; Nesme et al. 2014) . Populations carrying these genes could be the ones that decreased in abundance after MSS amendment and were able to recover to initial levels over time.
Whether increased target gene abundances after MSS amendment are caused by introduced bacteria carrying respective genes, horizontally transferred RGs and/or enhanced populations of indigenous soil bacterial hosts promoted by nutrient excess (Udikovic-Kolic et al. 2014; Hu et al. 2016) , remains unclear and deserves further investigations.
Illumina MiSeq sequencing of 16S rRNA gene fragments showed that the prokaryotic communities in control soils in this microcosm experiment were different from communities in the same soil type under field conditions . This was expected, as a microcosm is a simplified test system under controlled conditions, differing from the field settings. Changes in the soil prokaryotic community linked to the soil microcosm incubation procedure applied (e.g. sieving and rewetting) have been reported previously (Thomson et al. 2010; Jacquiod et al. 2013) . In this study, the genera that were significantly higher in relative abundance in control soil compared to MSS soil were Arthrobacter and Gaiella which belong to the Actinobacteria, followed by genera belonging to Gemmatimonadetes and Firmicutes.
Comparison of control and MSS soil prokaryotic communities revealed that MSS amendment into agricultural soil changed the resistome and mobilome, and also significantly altered the prokaryotic community composition. Results indicated a strong transient change in the prokaryotic community structure after amendment of MSS, with differences decreasing with time. Nevertheless, as visualized in the RDA plot, the prokaryotic community in the MSS soil sampled 119 dpi evolved into a community that is different from those present in the applied MSS and the control soils. This observation is in accordance with the microbial community coalescence theory (Rillig et al. 2015) , where the mixing of two previously distinct microbial communities could result in a new and different entity. The lower richness and evenness of MSS soil right after amendment is likely due to the over-representation of MSS-derived bacteria that were introduced into soil and resurrected by water addition. Indeed, in soils amended with MSS the genus Coprothermobacter had a very high relative abundance of about 38% immediately after inoculation. Coprothermobacter belongs to the phylum Firmicutes and is an anaerobic thermophilic bacterium and its abundance decreased significantly over time being comparable to untreated soil, which likely indicated that this species was indeed unable to thrive and grow under mesophilic conditions. Bacteria belonging to the phylum Firmicutes increased from 17% in control soil to about 60% in MSS soil samples taken at 0 dpi. Due to this massive increase in Firmicutes, relative abundances of other taxa decreased in MSS soil compared to control soil. Among them were taxa such as Paenibaciillus or Bacillus.
Although the methodology applied in this study did not allow for identification at the strain level, it is worth mentioning that these taxa are known to include beneficial soil bacteria (Mendes, Garbeva and Raaijmakers 2013). Furthermore, with respect to potential risks for human health, the increased abundance of Acinetobacter and Stenotrophomonas in MSS amended soils taken at 0 dpi might potentially be of concern, as some strains belonging to these genera can cause nosocomial infections and are often found to be multi-drug resistant due to efflux pumps (Berg, Eberl and Hartmann 2005; Coyne, Courvalin and Perichon 2011) .
The effects of MSS soil amendment were not only immediate changes in prokaryotic community structure. Even after 4 months of microcosm incubation, the community composition of the MSS soil was still significantly different from the control soil, which might be due to the closed conditions of microcosms, not allowing exchanges with the outside and therefore, limiting recovery compared to field conditions. Genera that were found to have a higher relative abundance in MSS soil compared to control soil 119 dpi included unclassified Clostridiales sequences which represented the most abundant genus in MSS soil 119 dpi. Clostridia are typically found in high abundance in organic fertilizers like MSS, biogas plant digestates or manure and are considered suitable indicators for the fate of this material in the environment (Hill et al. 1993; Huysman et al. 1993; Payment and Franco 1993; Pillai et al. 1996; Wolters et al. 2016; .
In conclusion, this study extends the knowledge regarding the potential contribution of soil treatments with MSS on the prokaryotic community as well as on the mobilome and resistome of populations in agricultural soils. The soil prokaryotic community was significantly changed by addition of MSS, showing reduced richness and evenness compared to control soil, followed by a gradual decrease in differences over time, partially reaching levels comparable to control soil after 119 days. Thus, as shown in this work and in other studies, treatment of agricultural soils with MSS can introduce bacteria carrying RGs and MGEs into the environment (Bondarczuk et al. 2016) . However, community resilience to amendment may likely be soil-and MSS type-dependent and as shown in the present study likely differs for different taxa. The fate of RGs is (i) closely linked to the fate of their hosts and (ii) might depend on their transport on MGEs, which may expand their host range and provide a fitness boost to their new hosts. Soil amendment with MSS represents a relevant example of how microbial community coalescence may drive and explain the maintenance and spread of potentially harmful RGs in the environment.
